Abstract. Single crystals of the TI-Ca-Ba-Cu-O system with superconducting transition temperature (T,) up to 118 K have been successfully prepared by the step-cooling method. Energy-dispersive x-ray spectrometry, selected area electron diffraction and high-resolution electron microscopy were used to determine the composition and crystal structure of the superconducting phase. The crystals with chemical composiiion TI,Ca,Ba,~u,O, are based on a body-centred tetragonal unit cell with a = 3.85 A and c = 35.9 A. Large-scale single crystals of TI,Ca,Ba,Cu,O,, containing some intergrowths with TI,Ca,Ba,Cu,O, and TI,Ca,Ba,Cu50,, were also observed. Electron spin resonance measurements revealed a low-field microwave absorption below T,.
introduction
The discovery of superconductivity in oxide systems at temperatures above the boiling point of liquid nitrogen has led to intense interest in the physical and chemical properties of these materials [l-31. In order to study the mechanisms of superconductivity in these materials, the growth of high-quality oxide single crystals is very important. To date, the T1,Ca2Ba2Cu,0y phase possesses the highest T,, up to 125 K [4] , among the oxide superconductors. It is generally difficult to prepare single crystals for this high-T, compound, due to a loss of thallium from the materials arising from the decomposition of Tl,03 and also the high volatility of T1,O at elevated temperatures. Previously, the synthesis of single crystals of the T1-Ca-Ba-Cu-0 systems have involved the use of the flux (e.g. CuO) and slow-cooling methods [S-111. However, there has been no report of the use of a step-cooling method [l23 to grow these high-T, single crystals. The technique is one of the crystal growth methods in liquid phase epitaxial growth (LPE) which has been used extensively in the field of compound semiconductors, such as GaAs, GaAlAs and GaP to grow high-quality epitaxial layers on singlecrystal substrates [12] . We have applied this technique to grow T1-Ca-Ba-Cu-0 single crystals, and in this paper we report a step-cooling method which can be used to grow high-quality, near millimetre-sized, single crystals in the T1-Ca-Ba-Cu-0 system with superconducting transition temperature ( T , ) 
Experiment
Single crystals with nominal composition T1Ca3BaCu,0y were grown from the appropriate mixtures of the high-purity starting materials-T1,0, , CaO, BaO, and CuO powders (Johnson-Matthey Chemicals). The sample powders were weighed, mixed and pressed into a rod with dimensions of 1 cm diameter and 2-3 cm length, using a pressure of 5 ton cm-', This rod was wrapped in Au foil and placed in an alumina crucible, then the lid was sealed with Au foil to alleviate any loss of thallium during the heat treatment. grown by step cooling. The crucible was inserted into a furnace which had been previously heated to 930°C for 60 min in an O2 atmosphere for equilibration of the melt. Subsequently, six step-cooling stages commenced at a rate of 0.1-1 "C min-l , followed by equilibration of the melt for 50-60 min from 930°C to 870 "C. Finally, the furnace was cooled at a rate of 2-5 "C min" from 870°C to room temperature. After this process a black, shiny and plate-like mass was obtained. Single crystals, near millimetre-sized, were embedded in the solidified melt. The crystals were mechanically separated from the melt and used for structure determination and characterization.
The surface morphology of the single crystals was examined by scanning electron microscopy (SEM) (Cambridge Instruments S250). A standard four-contact method was used for electrical resistance measurements. To make low-resistance contacts, 10 pm diameter Au wires were bonded to the crystal using Ag epoxy which was fired in air at 500°C for 5 min, followed by rapid cooling to room temperature. The resistance measurement system was fully automated for data acquisition. The temperature measurement was recorded with a calibrated silicon diode located close to the sample. The AC magnetic susceptibility was measured on a number of randomly oriented crystals by the mutual inductive technique, with a frequency of 823 Hz. Chemical compositions of the specimens were examined by energy dispersive x-ray spectrometry (EDS). Molybdenum specimen grids were used and background spectra were studied to ensure that no copper signals were detected from the sample-free area. Selected area electron diffraction (SAED) patterns and high-resolution electron microscopy (HREM) images were obtained from a JEM-200CX electron microscope operating at 200 kV, incorporating a developed side-entry specimen stage (C, = 0.52 mm, C, = 1.05 mm with absolute information limit approximately 18 A). In all EDS, SAED and HREM studies, the crystals were ground into very small particle sizes and very thin edge areas of the crystals were then chosen for detailed analysis. Electron spin resonance (BR) measurements were carried out on a single crystal between 77 K and room temperature, using a Bruker ER200D X-band spectrometer.
Results and discussion
Figure 2(a) shows the SEM image of a TI-Ca-Ba-Cu-0 single crystal, with plate-like crystal habit, which was used for the electrical resistivity measurement. Typical dimensions of the crystals are 0.8 x 0.8 x 0.1 mm'. These provided sufficiently large dimensions for measurements of the electrical resistivity and other physical properties. Plate-like crystal habits for the TI-based superconducting materials are dissimilar to the micalike Bi-based superconducting materials. Subramanian et al [5] have pointed out that the reason is that the inter-sheet TI-0 bonds (2.0 A) are shorter than Bi-0 Figure 2 . The SEM image of a Tl-Ca-Ba-Cu-O single crystal (a) and a terrace-like morphology on t h e crystal surface (6). bonds (3.3 A) in T1,CaBa2Cu,0, and Bi2CaSrzCuz0,, respectively, which leads to delamination in TI-based compounds. Figure 2(b) shows a terrace-like morphology on the crystal surface. The curved lines in the terrace-like surface are consistent with the view that these crystals were grown from liquid solution. This is similar to the situation with epitaxial single-crystal growth in compound semiconductors using the LPE technique. The detailed crystal growth mechanisms using the step-cooling technique are currently under investigation.
Electrical resistivity was measured on an L-shaped single crystal approximately 1 x 0.25 mmz and 12 pm thick (as determined by SEM in figure 2(a) ). The roomtemperature value of the ab plane resistivity (pob) 260 pR cm is about a factor of two larger than that found for other (Y-based C131 or Bi-based [14]) high-T, oxide single crystals but all of them have the metallic behaviour of P o b in the normal state. As shown in figure  3 , P o b falls linearly with temperature down to 200 K, and then more rapidly. This later behaviour is generally ascribed to superconducting fluctuations [l5]. The onset temperature for superconductivity is 115 K, but for this crystal, zero resistivity was not attained until 90 K. The shape of the transition was independent of the measuring currents used (10 and 100 PA). As shown in the inset to figure 3, six or more small, but reproducible, anomalies could be detected in Pob between 100 and 115 K. These are probably associated with the intergrowths mentioned as following sections. That is to say, in some regions of the crystal, instead of the usual groups of three CuO, planes associated with the Tl,Ca,Ba,Cu,O, phase there are groups with different numbers of planes. Figure 4 shows the results of a diamagnetic shielding measurement (using an AC susceptometer) on a few randomly oriented Tlxa-Ba-Cu-O single crystals with a superconducting transition around 11 8 K; this is consistent with the onset of superconductivity from the resistivity measurements. In contrast, the presence of intergrowths does not appear to have the associated magnetic transitions at temperatures below 118 K.
Phase identification of the single crystals, Tl,Ca,-,Ba,Cu,O,, was carried by HREM studies. Most crystals have the composition T1,Ca,Ba2Cu,0, (n = 3) and have a structure identical to that reported previously [14] . Figure 5 (a) shows a structure of such an n = 3 compound, viewed down the [l001 direction. In addition, there are a few crystals with a composition of T1,Ca,Ba2Cu,O,; having an n = 4 structure ( figure  5(b) ). In both HREM images in figure 5 , there are two kinds of straps with significantly different image contrasts. One strap includes four atomic layers and with a larger interlayer distance. Another includes five or seven atomic layers with much compressed interlayer distance. Computer image simulations [l61 have proved that the four-layer strap corresponds to the Ba0-TIO-TIO-BaO component and five-and seven-layer straps correspond to the Ca,(CuO,), and Ca,(CuO,), components, respectively. Some intergrowth structure for different members of this family of compounds has also been observed in T1,Ca,Ba2Cu,O, crystals. A typical intergrowth is that two Tl,Ca,Ba,Cu,O, (n = 4) components are rearranged into an intergrowth of one Tl,Ca,Ba,Cu,O, (n = 3) and one TI,Ca,Ba2Cu,0, (n = 5 ) component, as shown in figure 5(b) . It was noted that such an arrangement did not change the composition of the crystal. Studies on the microwave properties of cuprate superconductors using an ESR spectrometer have established that the transition to the superconducting state is accompanied by an intense absorption at low magnetic fields [17]. The Tl,Ca,Ba,Cu,O, single crystal exhibited a low-field microwave absorption (figure 6 ) at 77 K, which is below T, (118 K). It is particularly noteworthy that a single crystal of T1,Ca,Ba,Cu30, having a mass as low as about g, can give rise to the spectrum shown in figure 6 , a clear indication of the high sensitivity of this technique for measuring superconductivity. This result is in line with the work of Keeble et a1 [l81 who have recently reported a series of ESR measurements on a range of superconducting single crystals from the T1-Ca-BaCu-0 family, where low-field signals were found below T, , and room-temperature measurements revealed the presence of Cu2+ from unidentified impurity phases. Clearly the small size of the crystal studied here precluded a realistic study above T, .
